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It is clearly demonstrated by means of two-and-a-half-dimensional particle simulations that a
plasma potential structure is created by local electron cyclotron resonance ~ECR! in a plasma flow
along a well-shaped magnetic field. The potential structure consists of a negative potential dip and
a positive potential hump ~plug/barrier potential! around the ECR point at the magnetic-well bottom.
In addition, the simulation points out that a spatial deviation of the electron- and ion-density profiles
is generated by the ECR, resulting in the formation of the plug/barrier potential to self-consistently
compensate it. According to an analysis of the ion energy distribution function parallel to the
magnetic field in the upstream region, the height of the plug potential is found to reach the value
equivalent to the ion energy corresponding to the high-energy tail component, plugging most of the
ions not to pass through the region of the magnetic variation. © 2002 American Institute of
Physics. @DOI: 10.1063/1.1456532#I. INTRODUCTION
Major efforts have been placed on investigations of the
field-aligned plasma potential formation in laboratory,1
space,2 and fusion-oriented plasmas because it is connected
with important nonlinear phenomena such as particle
acceleration3 and transport-barrier generation.4 In particular,
a plug potential with thermal barrier in tandem-mirror
devices5 has attracted special attention because of its validity
for plasma confinement and particle and energy transport
control. According to the original tandem-mirror scenario for
the plug/barrier potential formation, a neutral beam injection
~NBI! producing sloshing ions is required in addition to the
electron cyclotron resonances ~ECR! at two positions with
different magnetic fields in each mirror cell.6,7 Recent experi-
ments on the GAMMA 10, however, have shown that this
potential structure is formed without NBI in the presence of
the two ECR points.8 Furthermore, only fundamental ECR
heating ~ECRH!, i.e., the single ECRH is now used to pro-
duce the plug/barrier potential in the GAMMA 10
experiments,9 although a physical mechanism of the poten-
tial formation has been unsolved. On the other hand, we have
basically demonstrated the novel scenario of this potential
formation in Q-machine experiments,10,11 which claims that a
single ECR point is sufficient to provide the potential struc-
ture in the presence of a plasma flow along magnetic-field
lines. In this experimental investigation, the mechanism of
the potential formation is qualitatively clarified. However, it
remains an unsettled question of what determines the scale
length of the potential structure or how the potential structure
depends on ion and electron energy distribution functions.
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the fine structure of plasma potential described above.
In this paper, two-and-a-half-dimensional particle simu-
lations are performed under a configuration similar to that of
the Q-machine experiments, which are expected to clarify
more details of the potential formation due to the ECR in a
plasma flow along a well-shaped magnetic field. The poten-
tial value is quantitatively discussed from the point of view
of relating to an ion energy distribution function. In Sec. II, a
simulation model is described. Simulation results and discus-
sion are presented in Sec. III. Conclusions are included in
Sec. IV.
II. SIMULATION MODEL
We employ a two-and-a-half-dimensional electrostatic
particle simulation code on magnetized plasma. Our simula-
tion code applies the particle-in-cell ~PIC! method,12,13
which follows particle motions in the self-consistent electric
field produced by particles, the stationary magnetic field ex-
ternally applied, and time-dependent electric and magnetic
fields corresponding to the external electromagnetic wave.
We calculate particle velocities in three dimensions
(vx ,vy ,vz) to follow the particle cyclotron motions, while
tracing particle positions and the resulting electric field only
in the x – y plane.14
A simulation system is schematically shown in Fig. 1~a!.
Plasma particles are assumed to be emitted at x5Lx and y
50.3Ly – 0.7Ly from a plasma reservoir with electron and
ion densities nS and temperatures TS . Here, a subscript ‘‘S’’
stands for the parameters in the reservoir. A floating collector
is placed at x50 and y50 – Ly . The simulation system is
initially empty and a particle injection with constant rate
starts at t50 from the plasma emitter. The injected electron1 © 2002 American Institute of Physics
ASCE license or copyright; see http://pop.aip.org/pop/copyright.jsp
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are given by
f S~v !5nSS m2pTSD
3/2
expS 2 mv22TS D expefkTS , ~1!
where efk is a drift energy in the x direction. fk is assumed
to be fk50 for electrons and fk>0 for ions, and thus the
electron and ion velocity distributions are half-Maxwellian
and truncated-Maxwellian in vx , respectively. The bound-
aries at x5Lx , y50, and y5Ly are grounded while the col-
lector (x50) is electrically floated. Particles impinging on
the boundaries are removed from the system and the charge
of particles impinging on the floated collector remains there.
These conditions correspond to the Q-machine experimental
configuration.
A static well-shaped magnetic field B is externally ap-
plied in the x – y plane @Fig. 1~b!# and its x component is
given by
Bx~x ,y !5B0F11~Rm21 ! expS 2S x2Lx/2xl D
2D G , ~2!
where B0 , Rm , and xl are the magnetic field at x50, Lx ,
mirror ratio defined as ratio of B at x5Lx/2 to that at x
5Lx , and scale length of spatial variation of B, respectively.
The y component of B is calculated to satisfy the equation
„B50. An externally applied electromagnetic wave with
right-hand circular polarization propagates from the position
of x50 toward the plasma emitter. Since the plasma density
and the electron temperature are very low under the
Q-machine experimental condition, the electromagnetic
wave in the experiment is confirmed to be little absorbed and
little reflected at the resonance and cutoff points,
FIG. 1. Schematic of ~a! simulation system and ~b! well-shaped magnetic-
field configuration.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject to respectively.15 Thus, the wave amplitude Em in this simula-
tion is assumed to be spatially constant under the condition
of the low density plasma.
Simulation parameters used in this paper are as follows.
The ion to electron mass ratio mi /me is fixed at 400. The
ratio of the electron cyclotron frequency vceS/2p to electron
plasma frequency vpeS/2p is vceS /vpeS55. The magnetic
mirror ratio is fixed at Rm50.7 and the ratio of the applied
electromagnetic-wave frequency v/2p to vceS/2p is
v/vceS50.7. Thus, the ECR takes place at the center
of the system. The normalized wave amplitude
Eˆ m@[Em /(TeS /elDeS)# is changed from 0 to 0.4, which al-
most corresponds to the wave amplitude in the Q-machine
experiment.10 Here, TeS and lDeS are the electron tempera-
ture and the Debye length, respectively. The time step width
Dt is 0.02vpeS
21
. The system sizes Lx and Ly are 512lDeS and
128lDeS , respectively, in the x and y directions, and 512
3128 spatial grid system is used.
III. SIMULATION RESULTS AND DISCUSSION
Figure 2 gives spatial profiles of ~a! potential ef/TeS ,
~b! electron density ne /neS , and ~c! ion density ni /niS at
y /lDeS564 for Eˆ m50.0 ~dotted lines! and 0.2 ~solid lines! at
vpeSt52400 which corresponds to the typical time for the
peak potential to have the maximum value. Here the drift
energy and the temperature for ions in the reservoir are fixed
FIG. 2. Spatial profiles of ~a! potential ef/TeS , ~b! electron density
ne /neS , and ~c! ion density ni /niS at y /lDeS564 for Eˆ m50.0 ~dotted lines!
and 0.2 ~solid lines! at vpeSt52400 in the case of efk /TeS50 for ions and
TiS /TeS51.0.ASCE license or copyright; see http://pop.aip.org/pop/copyright.jsp
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profiles are averaged over the 10 times of the electron plasma
period 1032p/vpeS . For Eˆ m50.0, a potential drop of the
electron sheath in front of the plasma emitter is observed and
the potential slightly decreases around the magnetic well due
to the expansion of the plasma flow. Ions are accelerated by
this electron sheath and have a flow energy equivalent to the
potential drop. For Eˆ m50.2, on the other hand, there appears
to be the large-scaled potential structure which consists of a
negative potential dip eDfd /TeS ~barrier potential! formed
around the ECR region and a subsequent positive potential
hump eDfp /TeS ~plug potential! along the plasma flow.
Here, eDfp /TeS and eDfd /TeS are potential differences
from the potential in the upstream region (x/lDeS.448).
This potential structure agrees with that experimentally ob-
tained in Ref. 10. The plug and barrier potentials reach
eDfp /TeS57 and eDfd /TeS521.5, respectively. The
axial position of x/lDeS.320 at which the potential for Eˆ m
50.2 begins to drop against that for Eˆ m50.0 corresponds to
the position which satisfies the Doppler-shifted ECR condi-
tion due to finite-temperature electrons.
Electron and ion densities monotonously decrease in the
same way in the absence of the electromagnetic wave. In the
presence of the electromagnetic wave, on the other hand, the
electrons accelerated by the ECR in the direction perpen-
dicular to the magnetic field are reflected around the ECR
region by 2m„iB force in the axial direction and are trapped
in the magnetic well, where m and „iB are the magnetic
moment and field gradient parallel to the magnetic-field
lines, respectively. But, ions are not directly affected by the
ECR and might pass through the magnetic-well region. As a
result, the electron and ion densities have peaks at the
magnetic-well bottom and in the region just downstream
from the ECR point, respectively, as shown in Figs. 2~b! and
2~c!. This means that the spatial deviation of the electron-
and ion-density profiles is generated around the ECR region,
which causes a charge separation to form the plug/barrier
potential. The peak position of the ion density is found to
almost coincide with that of the plug potential. Since the
distance between electron- and ion-density peaks, or the
scale length of the potential structure, is about 20lDeS ,
which is nearly equal to a half of the ion Debye length at the
ECR region, the scale-length is considered to be determined
by the ions moving back and forth around their equilibrium
position ~the magnetic-well bottom where the electrons are
trapped! like in the case of ion plasma oscillation. Here, it is
found that the position of the potential peak is slightly
moved from the position of the ion density peak. This is
because a fine structure of the potential peak is finally deter-
mined by a small number of high energy ions which pen-
etrate into the downstream region from the position of the
ion density peak. These results indicate that this potential
formation is explained by the selective electron trap around
the magnetic well owing to ECR heating and electrostatic
ion-deceleration self-consistently caused in accordance with
the quasineutrality condition in the ECR region. In the down-
stream region, both the electron and ion densities for Eˆ m
50.2 decrease in comparison with those for Eˆ m50.0, whichDownloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject to demonstrates the plasma flow is plugged by the potential
structure produced by the ECR.
Figure 3 shows ~a! the gray scale contour plot of poten-
tial profile together with ~b! the potential profiles across the
magnetic-field lines at x/lDeS5226, 282, and 480 for Eˆ m
50.2 at vpeSt52400. The potential profiles along the
magnetic-field lines have the barrier potential in the ECR
region and subsequent plug potential even at y /lDeSÞ64
within the plasma column, which implies that the potential
structure is created along each magnetic-field line at any ra-
dial position. The potential profiles across the magnetic field,
on the other hand, are observed to be well shaped in the
upstream and the barrier-potential regions, and are found to
be hill shaped in the plug-potential region. Since the plasma
parameters in this simulation are set so as to satisfy the con-
dition that the ion Larmor radius is larger than the electron
Larmor radius as in a usual Q-machine plasma, the well-
shaped radial potential profile is created in the upstream and
the barrier-potential regions. Since most of the electrons are
reflected by the ECR effect and the ion rich condition is
realized in the plug potential region, in contrast, the radial
potential profile is considered to become hill shaped. A flat
region of the potential at x/lDeS5282 is wider than that at
x/lDeS5480 because the plasma diameter spreads along the
magnetic-field lines in the magnetic-well region.
In Fig. 4, we present temporal evolutions of the ~a! po-
tential ef/TeS , ~b! electron density ne /neS , and ~c! ion den-
sity ni /niS profiles under the same conditions as in Fig. 2. An
ambipolar potential is observed to extend in the upstream
region as the plasma ~electron and ion! expands along the
magnetic field. Then the plug potential in the magnetic-
variation region starts to rise up when the plasma front ar-
rives at the ECR region (vpeSt.1200). This plug potential
is found to increase with an increase in the plasma density in
the ECR region, and the deviation of ion- and electron-
FIG. 3. ~a! Gray scale contour plot of the potential profile together with ~b!
the potential profiles across the magnetic-field lines at x/lDeS5226, 282,
and 480 for Eˆ m50.2 at vpeSt52400.ASCE license or copyright; see http://pop.aip.org/pop/copyright.jsp
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exceeds the value of zero (vpeSt>2000). The plug potential
has the maximum value (eDfp /TeS.7) at vpeSt52400
which corresponds to the time that the deviation of plasma
density profiles becomes remarkable.
For vpeSt.2400, the plug potential decreases tempo-
rally and approaches a constant value eDfp /TeS.3 in the
steady state (vpeSt58000), as shown in Fig. 5~a!. This is
because the ions begin to be reflected by the plug potential
for vpeSt.2400, resulting in an increase in the ion density
in the upstream region and a reduction of the electron-sheath
drop in front of the plasma emitter, namely a reduction of the
ion flow energy. Figures 5~b! and 5~c! show the electron
density ne /neS and the ion density ni /niS profiles in the
steady state (vpeSt58000) for Eˆ m50.0 ~dotted lines! and
0.2 ~solid lines!. It is found that the electron and the ion
densities in the upstream region (x/lDeS.480) for Eˆ m
50.2 are twice as large as those for Eˆ m50.0, which clearly
shows that the plug potential actually reflects ions ~electrons
are already reflected by the ECR effect! and works as the
plasma confining potential. In the steady state, the spatial
deviation of the electron- and ion-density profiles is also gen-
erated around the ECR region, which is found to determine
the scale length of the potential structure in the same way as
the case of vpeSt52400.
Figure 6 presents a dependence of the plug potential
eDfp /TeS on Eˆ m at the typical time when the plug potential
FIG. 4. Temporal evolutions of spatial profiles of ~a! potential ef/TeS , ~b!
electron density ne /neS , and ~c! ion density ni /niS at y /lDeS564
for Eˆ m50.2.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject to attains to the maximum value. The typical time is brought
forward when the deviation of the ion and the electron den-
sities, or charge separation is enhanced due to an increase in
Eˆ m . The plug potential clearly rises as Eˆ m is increased, while
the electron temperature perpendicular to the magnetic field
Te’ is also confirmed to simultaneously increase in this case.
Since the amount of the reflected electrons increases with an
increase in Te’ , the plug potential which is expected to re-
flect ions is considered to increase in order to maintain the
FIG. 5. Spatial profiles of ~a! potential ef/TeS , ~b! electron density
ne /neS , and ~c! ion density ni /niS at y /lDeS564 for Eˆ m50.0 ~dotted lines!
and 0.2 ~solid lines! at vpeSt58000.
FIG. 6. Potential difference eDfp /TeS as a function of Eˆ m for efk /TeS
50 and TiS /TeS51.0 at the typical time when the plug potential attains to
the maximum value.ASCE license or copyright; see http://pop.aip.org/pop/copyright.jsp
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potential gradually saturates and has the maximum value for
Eˆ m50.2, reaching eDfp /TeS.7. This value is discussed
later in connection with the ion energy distribution function.
In Fig. 7~a!, the plug potential eDfp /TeS is plotted as a
function of ion drift energy efk /TeS in the plasma reservoir
for Eˆ m50.2. The plug potential linearly increases with re-
spect to the ion drift energy. Here, we show the ion energy
(« ii) distribution function F(« ii) parallel to the magnetic
field in the upstream region (x/lDeS5416– 480) for various
ion drift energies in Fig. 7~b!, where the abscissa is normal-
ized by TeS . The peak of the distribution function, which
indicates the ion flow energy, shifts towards the higher en-
ergy region with an increase in the ion drift energy, being
accompanied by an increase in the value of the high-energy
tail component. The high-energy tail component is defined as
the ion energy much larger than the value equivalent to the
sum of the ion flow energy and the ion temperature. The
distribution function has a peak at « ii /TeS.2 even for
efk /TeS50 because the ions are accelerated by the electron
sheath in front of the plasma emitter. From these results, it is
found that the plug potential corresponds to the ion energy of
the high-energy tail component. Therefore the plug-potential
formation is interpreted in the way that the value is large
enough to plug most of the ions in the upstream region not to
pass through the region of the magnetic variation.
Figure 8~a! gives the plug potential eDfp /TeS as a func-
FIG. 7. ~a! Potential difference eDfp /TeS as a function of efk /TeS and ~b!
ion energy distribution function in the upstream region x/lDeS5416– 480
with efk /TeS as a parameter for Eˆ m50.2 and TiS /TeS51.0.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject to tion of ion temperature TiS /TeS in the plasma reservoir for
Eˆ m50.2. The plug potential increases with an increase in the
ion temperature. As shown in Fig. 8~b!, the high-energy tail
component in the ion distribution function increases as the
ion temperature is increased under the condition that the ion
drift energy in the reservoir is kept constant. Thus, the plug
potential is also expected to increase for the same reason as
in the case of the ion drift energy dependence. Here, the peak
of the distribution function, or the ion flow energy, decreases
with an increase in the ion temperature in spite of the con-
stant ion drift energy, because the electron sheath in front of
the plasma emitter, which accelerates ions, becomes small
due to the increase in the ion temperature.
In the Q-machine experiment,10 the plug potential in-
creases with an increase in an applied microwave power and
gradually saturates, which is quite similar to the present
simulation result in Fig. 6. Although the saturated value of
the plug potential in the experiment is conjectured to be of
the order of the ion flow energy, the confirmation is still
shelved because the ion flow energy cannot be changed in
that experimental configuration. In this simulation, however,
the ion energy distribution function can be easily modified
and it is clearly demonstrated that the plug potential is
closely related to the ion energy as shown in Figs. 7 and 8.
According to these results it is clarified that the plug poten-
tial shown as a function of Eˆ m in Fig. 6 saturates around the
value equivalent to not the ion flow energy but the ion energy
FIG. 8. ~a! Potential difference eDfp /TeS as a function of TiS /TeS and ~b!
ion energy distribution function in the upstream region x/lDeS5416– 480
with TiS /TeS as a parameter for Eˆ m50.2 and efk /TeS50.ASCE license or copyright; see http://pop.aip.org/pop/copyright.jsp
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temperature is much smaller than the ion flow energy in the
Q-machine plasma, the argument in the experimental results
described above is well understood because the ion energy of
the high-energy tail component is comparable to the ion flow
energy under this situation.
IV. CONCLUSIONS
The formation of the plug potential with thermal barrier
due to the local electron cyclotron resonance ~ECR! in the
well-shaped magnetic field is demonstrated by means of a
two-and-a-half-dimensional electrostatic particle simulation.
The simulation results are in good agreement with the results
observed in the Q-machine experiment. With an increase in
the wave amplitude, the height of the plug potential increases
and gradually saturates. Furthermore, the saturated value in-
creases as the ion drift energy and/or the ion temperature are
increased. According to an analysis of the ion energy distri-
bution function parallel to the magnetic field in the upstream
region, the plug potential is found to saturate around the
ion-energy value corresponding to the high-energy tail com-
ponent, plugging most of the ions not to pass through the
region of the magnetic variation.
In addition, the simulation points out a spatial deviation
of the electron- and ion-density profiles, generating a charge
separation to form the plug/barrier potential. Thus, this po-
tential formation is explained by the selective electron trap
around the magnetic well owing to the ECR heating and
self-consistent electrostatic ion deceleration caused in accor-
dance with the quasineutrality condition in the ECR region.
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